Introduction
A fundamental requirement of nearly every genetic event, including DNA replication, transcription, cleavage and repair, is the protein-mediated communication between distant DNA sites. Four general mechanisms for this 'action at a distance' were described by Adzuma and Mizuuchi [1] and are illustrated in Figure 1 . The first three models, DNA sliding, DNA hopping and DNA looping, are driven passively by random thermal fluctuations of the protein or DNA, with significant consequences for the efficiency of the reactions. In DNA sliding (Figure 1a ), a protein bound to non-specific DNA diffuses either leftwards or rightwards without dissociating, altering the DNAbinding register by 1 bp. By confining diffusion to one dimension, the probability of finding a second site or protein is increased. However, the number of physical steps needed to move between two DNA loci by linear diffusion has a square power dependence on the distance between those sites; for instance, travelling 1000 bp takes 1ϫ10 6 steps, which in turn requires a linear diffusion rate at least 1ϫ10 6 times faster than the DNA dissociation rate. Generally, DNA-binding proteins associate transiently with non-specific sequences and DNA sliding would only be feasible over quite short distances, less than 100 bp. In DNA hopping (Figure 1b) , a protein physically releases DNA, diffuses in three dimensions and randomly re-binds the same DNA molecule at an alternative site. The DNA acts as a binding 'reservoir' -given enough time, one protein could sample every available binding locus. Threedimensional diffusion on a random coil has a square-root power dependence on the distance between target sites, but because sampling is non-linear, sites may be overlooked and the protein could even diffuse away from the DNA altogether. In DNA looping (Figure 1c ), a protein remains bound to a specific DNA sequence whilst segmental diffusion of the polynucleotide brings distant DNA sites (and any bound proteins) into close proximity. In general, the tethering of two proteins on to the same DNA molecule increases the probability of protein-protein interactions. However, the probability of juxtaposition decreases as the distance between the sites increases, an effect that is particularly marked on linear DNA. DNA-looping events are less likely over distances greater than Ϸ1000 bp without the co-operation of accessory factors, such as DNA-bending proteins.
Many enzymes acting on nucleic acids must communicate efficiently over thousands of base pairs. For instance, single molecules of RNA polymerase faithfully transcribe entire genes. To achieve such a high degree of processivity requires an alternative strategy; DNA translocation ( Figure 1d ). Translocation 
resembles sliding in that the protein follows the one-dimensional DNA contour. But compared with linear diffusion, translocation occurs in one direction at a time, reducing significantly the number of steps required to move a given distance. To maintain polarity and processivity, movement must be coupled to an input of free energy. For instance, RNA polymerase uses free energy from the condensation of nucleoside triphosphates into the nascent RNA chain and the concomitant folding of the extruded transcript. Other enzymes, such as the DNA helicases, catalyse the hydrolysis of ATP or GTP. As such, the processive nucleic acid enzymes can be regarded as motor proteins -the conversion of chemical energy to mechanical motion is equivalent to that of the classical motor proteins reviewed elsewhere in this volume. In this chapter, the motion on DNA catalysed by the type-I and type-III restriction endonucleases will be reviewed, and related to other DNA-based motor proteins such as the DNA helicases.
Restriction/modification systems
The restriction/modification enzymes are distributed widely in bacteria, where they constitute the prokaryotic equivalent of an immune system, capable of discriminating between foreign and host DNA. This is achieved by two enzyme activities; an endonuclease and a methyltransferase. The endonuclease cleaves DNA phosphodiester bonds upon binding a specific sequence of nucleotides. The host DNA is protected from self-digestion by the methyltransferase, which catalyses transfer of methyl groups from the donor S-adenosyl methionine to particular bases within the recognition site. Conversely, invasive DNA does not carry the correct pattern of methylated bases and will be cleaved by the endonuclease.
Type-I and type-III restriction endonucleases
Restriction/modification enzymes are classified into three types according to their genetics, subunit composition and biochemical activity. The type-I and type-III enzymes are large oligomeric proteins (300-400 kDa), which carry out both methylation and cleavage reactions within the same complex [2] . Type-I enzymes are encoded by three genes, hsdS (which is responsible for DNA recognition), hsdM (DNA methylation) and hsdR (DNA and ATP hydrolysis). The typical subunit composition is HsdR 2 HsdM 2 HsdS 1 [3] . The type-III enzymes are encoded by two genes, mod (responsible for DNA recognition and methylation) and res (DNA and ATP hydrolysis). The subunits are arranged Mod 2 Res 2 [2] . Originally, the distribution of both types of enzyme was thought to be limited to strains of enterobacteria. However, due to the recent increase in available genome sequences, it has become apparent that these enzymes are in fact ubiquitous amongst bacterial and archaebacterial species.
Tracking, stalling and cleavage by type-I restriction endonucleases
The type-I restriction endonucleases recognize specific asymmetric, bipartite sequences (e.g. GAANNNNNNRTCG for EcoR124I, where N is any base and R is a purine). An unexpected observation is that ensuing DNA hydrolysis does not occur within the recognition site, as would be expected for an archetypal type-II restriction endonuclease such as EcoRI, but takes place at random loci that can be anywhere between 50 and 11 000 bp away from the site [2] . The reaction requires both Mg 2+ ions and ATP cofactors, and in some cases S-adenosyl methionine. The interaction between site-specific recognition and non-specific cleavage is provided by DNA tracking [4, 5] , a onedimensional process driven by ATP hydrolysis (Figure 2a) . Initially, an enzyme associates with both its DNA-recognition site (through the HsdS subunit) and the adjacent non-specific DNA (probably through the HsdR subunits; see below). Despite asymmetry in the binding of HsdS to DNA, the domain organization provides a pseudo-dyad symmetry for the assembly of HsdM and HsdR [6, 7] . For clarity, the model in Figure 2 (a) is only illustrated with a single HsdR. As ATP is hydrolysed, non-specific DNA is pulled past the enzyme. Since the recognition site is not released [2] , an expanding loop of double-stranded DNA is extruded. The model can be extended to accommodate multiply associated HsdR subunits [3] or bi-directional translocation via a twin-loop model (see below).
The first indication that cleavage was linked to motion was that ATP was hydrolysed in large amounts both during and after DNA cleavage [8] . Further evidence came from electron microscopy. Type-I enzymes bound to circular DNA in the presence of ATP produced figure-of-eight structures indicative of the tracking model [5, 8] . On linear DNA, the expected ␣-DNA structures were also observed [4, 8] . An unequivocal demonstration of linear motion resulted from measuring cleavage of interlinked rings of DNA called catenanes [9] . Proteins that passively loop DNA ( Figure 1c ) simply require two DNA sites tethered closely in space. Since the local concentration of two sites partitioned on to separate rings of a catenane is equivalent to two sites on one DNA molecule, the probability of sites interacting by DNA looping is the same on either substrate [1, 9] . Conversely, any process that follows the DNA contour between sites is doomed to failure if the loci are on separate DNA rings, even when linked as a catenane. Cleavage of plasmid DNA carrying one EcoR124I site occurred throughout the DNA [9] [10] [11] . However, when the DNA was partitioned into a catenane, cleavage occurred exclusively in the ring carrying the recognition site; the second ring could not be cleaved despite being held in proximity to the first [9] . This result cannot be accommodated by any mechanism that requires DNA looping, even as a pre-requisite to tracking [5] , and is only satisfied by the tracking model described in Figure 2 .
What causes DNA cleavage at distant sites? The simple answer is that DNA is cut wherever a pause in tracking occurs [9] . One way to stall motion is described by the collision model, first proposed by Studier and Bandyopadhyay to account for the distribution of cleavage sites produced on T7 phage DNA by EcoKI [12] . A series of DNA fragments was observed that corresponded to cleavage midway between each pair of neighbouring EcoKI sites. This was explained by assuming that when two enzymes track towards each other they will meet, on average, halfway between the two sites. Accordingly, T7 DNA was cleaved wherever two EcoKI enzymes collided (Figure 3a) . The model also assumes that the direction of tracking is not predetermined by the relative orientations of the asymmetric recognition sites; this has also been confirmed for other type-I enzymes. Studier and Bandyo- padhyay therefore proposed that tracking must be bidirectional [12] ; DNA is tracked from both sides of the recognition site, so extruding two DNA loops (Figure 2b ). However, there is evidence that some type-I enzymes, such as EcoBI, can only cleave DNA on one side of their asymmetric recognition site [4] , indicating that translocation has a fixed polarity (Figure 2a) .
None of the type-I enzymes can cleave linear DNA carrying a single recognition site at stoichiometric concentrations of enzyme and substrate [4, 9] . This is an important prediction of the collision model [12] ; in the absence of collision with a second enzyme, tracking will continue unabated up to the end of the DNA [8] . Only when a large excess of enzyme over DNA is present, where the non-specific DNA is loaded with enzyme, can some cleavage be measured [9, 13] . Nonetheless, ATP hydrolysis has been measured on singlesite substrates [8, 10, 14] and short DNA oligomers [14] , in the absence of DNA cleavage. This is expected, as a one-dimensional process cannot identify distant sites without continuously 'patrolling' the lattice, regardless of any success. However, a stall in tracking cannot be induced by other DNA-binding proteins. When lac repressor was bound at an operator site positioned off-centre between two type-I recognition sites, DNA cleavage was still produced by type-I interactions at the intermediate loci. This suggests that the endonucleases can bypass other tightly bound proteins, presumably by driving them off the DNA (Figure 3b ), but cannot bypass a converging type-I enzyme.
In contrast, plasmid DNA carrying a single type-I site can be completely cleaved at stoichiometric protein concentrations [10] . Since collision with nonspecifically bound enzymes is unlikely in this situation, how does stalling and cleavage occur? The solution is that DNA tracking has an effect on DNA topology [5, 12, 15] . Any protein that follows the helical DNA path during translocation will either rotate around the DNA or, if the protein is somehow constrained, will turn the DNA around its helical axis [16] . In the DNA-tracking model (Figure 2) , the HsdR subunit cannot rotate around the DNA due to its interaction with HsdS and HsdM [6, 7] . Therefore, following the helical DNA path during tracking would introduce a decrease in twist into the expanding loop and an increase in twist into the DNA ahead of the protein [9] . On circular DNA, tracking generates a figure-of-eight structure [8, 9] , consisting of both expanding and contracting loops (Figure 3c ). Since these domains are topologically independent, changes in twist would in turn alter the DNA topology [16] . As tracking progresses, the DNA ahead of the complex in the contracting loop would become positively supercoiled (Figure 3c) . Eventually, the DNA would become entangled to such an extent that it would pose too large a thermodynamic barrier to further translocation and the enzyme would stall [9] . Correspondingly, DNA cleavage by EcoR124I was enhanced on relaxed plasmid substrates [10] ; these are closer along the pathway to positively supercoiled DNA (Figure 3c ). Tangled DNA loops equivalent to those in Figure 3 (c) are also evident in the electron-microscopic data [8] . On topologically unconstrained linear DNA, the enzyme cannot stall as the changes in twist are dissipated by rotation of one DNA strand around the other. Some interpretations of the enzyme-to-enzyme collision model infer that each translocating species contributes one HsdR subunit towards cleavage of one DNA strand. But on circular DNA at least, protein-protein contacts between type-I enzymes are not required to activate DNA hydrolysis. Instead it would appear that simply stopping translocation is adequate, and that a single type-I complex can cleave both DNA strands.
The topological model highlights an important problem for DNA tracking, and indeed any translocation mechanism that forms a DNA loop, e.g. the methyl-directed DNA-mismatch repair proteins. When type-I enzymes first bind DNA, the expanding DNA loop formed is relatively small (probably 10-50 bp). For tracking to proceed over thousands of base pairs, significant levels of negative twist must be introduced into the expanding loop, possibly 360Њ for every 10 bp travelled [9, 16] . Starting from a small DNA loop, it would be impossible to introduce the necessary changes in twist without the coincident topological strain being relaxed; tracking would fail after only 10 or 20 bp. This also applies to tracking on linear DNA [9] . One option is to introduce a nick into the expanding loop prior to starting translocation [9] ; changes in twist could then be released by free rotation of one strand around the other at the DNA nick. This tallies with experimental observations that DNA nicking is an early step in the DNA-cleavage pathway. However, recent data from a number of groups have indicated that DNA cleavage and tracking activities can be uncoupled. This invokes a more complicated explanation involving a DNA gyrase-like nicking-closing reaction [5] , but evidence of topoisomerase activity has yet to be found. An alternative model is that the protein only contacts one 'side' of the lattice [9] , akin to kinesin moving along microtubules. On a perfectly regular lattice, no twist would need to be introduced. However, the helical repeat of DNA is rarely an integral value and some twist would have to be introduced at each step. Allowing the DNA to rotate freely during motion presupposes that the protein releases the DNA, and even transient dissociations would cause DNA slippage due to diffusion. Most of the experiments described above have been carried out in vitro. Nonetheless, the co-operative interactions and cleavage between sites predicted by the collision model [12] have also been observed in vivo [15] . At high intracellular concentrations of enzyme, the co-operative interactions break down, suggesting interaction between specifically and non-specifically bound enzymes. Since phage DNA with a single site is also cleaved, the topological model may be vital in vivo (phage DNA must circularize prior to integration into the host genome, and any phage that escapes restriction in its linear form could be cut in its circular form by the topological pathway). The significant post-nuclease phase of ATPase activity recorded in vitro [8] would appear to be wasteful if invoked in vivo. However, it has been suggested that this process may be part of the host defence mechanism: an infected cell would be altruistically removed from the actively growing population by a rapid cellular depletion of ATP [2] . Alternatively, other cellular nucleases may degrade the DNA to prevent any further DNA tracking and ATP hydrolysis [8] .
Collision-dependent DNA cleavage by the type-III enzymes
Type-III restriction endonucleases also recognize asymmetric DNA sequences (e.g. CAGCAG for EcoP15I), and require Mg 2+ ions, ATP and S-adenosyl methionine to cut DNA [2] . But, unlike type-I enzymes, DNA cleavage only occurs 25-27 bp on the 3Ј side of the site. The first evidence for motion on DNA came from the observation that although T3 phage DNA is susceptible to cleavage by EcoP15I, T7 phage DNA is completely refractory to cleavage despite carrying 36 EcoP15I-recognition sites [17] . This paradox is due to the relative alignment of the asymmetric EcoP15I restriction sites. Surprisingly, all 36 sites on T7 are in the same head-to-tail orientation (i.e. the sequence 5Ј-CAGCAG-3Ј is always found on one strand, 5Ј-CTGCTG-3Ј on the other). In contrast, at least some pairs of sites on T3 DNA are in the reciprocal head-to-head and tail-to-tail orientations. By analysing the cleavage of substrates with alternative site alignments, it was established that DNA is only hydrolysed when a pair of type-III sites are present in a head-to-head orientation [17, 18] . Furthermore, when a lac operator sequence was inserted into the DNA between two such sites, lac repressor blocked DNA cleavage (Figure 3b ). Only a mechanism that involves one-dimensional transfer of protein(s) along DNA could be suppressed in this way [18] . The current view of type-III translocation is equivalent to the type-I DNA-tracking model shown in Figure 2(a) . The Mod subunits bind the recognition site, whereas the Res subunits bind and translocate the adjoining non-specific DNA by hydrolysing ATP [18, 19] . The asymmetry of the recognition site is important in predetermining the direction of translocation. When two tracking enzymes collide in the correct head-to-head polarity, DNA cleavage is generated at loci proximal to the recognition sites (Figure 3a) . Despite the similarity of the tracking mechanisms, the levels of ATP hydrolysis by the type-I and type-III enzymes are very different; type-I enzymes hydrolyse two orders of magnitude more ATP than the type-III enzymes to move a given distance [18] . This most probably reflects differences in the efficiency of coupling ATP hydrolysis to motion (i.e. more than one ATP is hydrolysed per step taken along the DNA). The coupling may also alter due to changes in load during translocation, e.g. as positive supercoils build up on circular DNA.
Models for motion along DNA
So far, no X-ray crystallographic data on the type-I or type-III enzymes is available and the exact details of DNA motion remain elusive. However, primary amino acid sequence alignments have revealed that both the HsdR and Res subunits contain sequences with significant homology to seven conserved motifs from superfamily II of DNA and RNA helicases [20] (called DEADbox motifs, after the single amino-acid code characteristic of motif II). The helicases unwind nucleic acid polymers to provide single-strand intermediates involved in a multiplicity of genetic events [21] . They are active as monomers, dimers and even as multimeric rings of subunits which encircle DNA. Estimates of helicase motion suggest they are highly processive, capable of unwinding at least 30 000 bp before dissociation. So could the HsdR and Res subunits utilize an ATP-dependent strand-separation mechanism when tracking DNA? One assay of DNA helicases measures the separation of short DNA duplexes into the corresponding single-strand fragments [21] . Equivalent assays carried out with type-I and type-III endonucleases have failed to demonstrate strand separation. Although the oligomers are resistant to cleavage, they do support ATP hydrolysis. This suggests that some tracking may be occurring. Failure of the helicase assays may simply reflect differences in the 'loading' of the motor on to the DNA. DNA helicases are of two mechanistic classes: those that need a 3Ј flanking strand to start the reaction (3Ј-5Ј helicases) and those that need a 5Ј flanking strand (5Ј-3Ј helicases). Accordingly, both classes unwind DNA starting at a predefined end. In contrast, type-I and type-III enzymes bind DNA at specific sites and then translocate a region of adjacent non-specific DNA (Figure 2 ). The stability of the HsdS-DNA and Mod-DNA complexes may prevent strand separation or, because of the length of the oligomers, the HsdR and Res subunits may only contact the extreme DNA ends. The measurable ATPase activity could represent the enzyme slipping off the DNA end while it attempts to start tracking.
The important modular features of the superfamily II helicases have been revealed by the high-resolution crystal structures of the PcrA and Rep helicases. In both structures, the DEAD-box sequences are clustered into a nucleotide-binding pocket flanked by two RecA-like subdomains. There is no apparent homology to the RecA fold in the endonucleases (this may only be revealed by an X-ray crystallographic structure). However, analysis of restriction enzymes mutated in the DEAD-box motifs showed that these sequences are indispensable [15, 19, 22] . ATP binding is generally not impaired, but little or no ATP hydrolysis is retained and, in concert, DNA cleavage is impaired. This demonstrates a tight correlation between ATP and DNA hydrolysis. A general mechanism for DNA unwinding, supported by convincing kinetic evidence [21] , states that a helicase alternates between tight single-strand and duplex DNA-binding states coupled to the binding and hydrolysis of ATP. A conformation switch between two high-affinity lattice-binding states is analogous to stepping models proposed for kinesin (Chapter 6). Two models have been proposed to explain DNA unwinding. In the 'inchworm' model ( Figure  4a ), a helicase travels along DNA analogous to a zipper opening a zip. The allosteric switch between single-and double-strand binding occurs on one polypeptide, regardless of the subunit composition of the helicase. The alternative 'active rolling' model (Figure 4b ) requires that the alternating lattice-binding states are separated on to two separate proteins or two structurally distinct domains. Relating these models to the type-I and type-III enzymes relies on the subunit stoichiometry of the endonuclease complexes. In the absence of a direct measure of motion on DNA by the endonucleases, either DNAunwinding model could be accommodated. Furthermore, one cannot rule out the possibility that the HsdS/HsdM or Mod subunits also contribute to the motor mechanisms.
Future prospects
Despite 30 years of effort and a wealth of experimental data, the dynamics of motion generated by the type-I and type-III restriction endonucleases remains poorly characterized. One problem has been that although ATPase and DNAcleavage activities can be accurately measured, DNA motion has yet to be directly quantified. Furthermore, an ensemble of enzymes undergoing consecutive reactions with equivalent rates, such as DNA tracking, rapidly become unsynchronized. Interpreting steady-state and rapid-quench measurements under these conditions is not trivial. A recent breakthrough has been the analysis of RNA polymerase using single-molecule techniques developed for the classical motor proteins [23] . A DNA template attached to a silica bead is held in the focus of a laser trap. RNA polymerase attached to a glass surface binds the tethered DNA and, in the presence of ribonucleoside triphosphates, translocates the DNA. Movement can be detected optically through movement of the attached bead held in the trap. Measurements of force and velocity have been made that would be difficult to obtain otherwise. The RNA polymerase turns out to be a powerful motor, capable of generating forces up to 25-30 pN, sufficient to overcome the forces opposing transcription in vivo. However, one should not ignore the potential of 'classical' experiments. An elegant series of kinetic measurements by Ali and Lohman [24] indicated a physical step size of Ϸ5 bp for the UvrD helicase, whereas the crystal structure of the closely related Rep enzyme had a DNA 'footprint' of Ϸ8 bp. This difference is incompatible with a rolling model, where the minimum step size is constrained by the protein footprint on the lattice. Unfortunately, a step size on this scale would probably be swamped by thermal noise in the single-molecule experiments. Key to the future analysis of other DNA-based motors such as the restriction endonucleases will be the application of both techniques. A great deal of work remains to be done, and the next few years promise many exciting developments. Further study using some of the techniques pioneered with classical motor proteins will be needed to reveal more detail.
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